Introduction 45
Four major sand seas (Ar Rub' al-Khali, Ad Dahna, Al Jafura, and An Nafud) cover an 46 area of 765,000 km 2 on the Arabian Peninsula (Wilson, 1973) , by this comprising 36 % 47 of the territory of the Kingdom of Saudi Arabia. They are the most prominent evidence 48 of the present arid to hyper-arid climate, with rainfall of less than 100 mm a -1 in the 49 interior of the peninsula. Higher rainfall levels are restricted to the Hedjaz-Asir Plateau 50 and the Yemeni highlands (Almazroui et al., 2012 ). This pattern is tied to the Hadley 51 cell circulation and its local manifestation, the monsoon system, which are key 52 components responsible for the climate of Arabia (Webster, 2005) . At present, the 53 source of rainfall reaching SW Arabia and the coast of Dhofar is the African summer 54 monsoon rather than the Indian Ocean Summer Monsoon as previously assumed 55 Survey revealed compelling geomorphologic evidence of much wetter episodes during 62 the Quaternary (Brown et al., 1989) . A fluvial-style drainage network with large gravel 63 accumulations east of the Hejaz-Asir Mountains (Holm, 1960) and lake deposits within 64 the dunes of the Rub' al-Khali and the Nafud were investigated subsequently in detail 65
by McClure (1976 McClure ( , 1984 and Schulz and Whitney (1986), respectively. The 66 observation of gravel plains and aquatic molluscs in the lower reaches of Wadi ad 67
Dawasir had already led Philby (1933) to conclude that this river system and possibly 68 others had reached the Arabian Gulf. Brown (1960) basin that is considered to be an area of rift-related subsidence Roobol, 187 1989, 1991) . Such large sink areas deliver erroneous, straight-running stream lines 188 within the derived drainage network and thus were also removed. The resulting 189 modified drainage system will be termed the 'calculated drainage' in the following. In 190 addition, watersheds and catchment areas of the complete Wadi ad Dawasir and Wadi 191 as Sahba systems were determined by combining the derived flow direction with 192 defined outlet points of the watersheds (pour points) (Fig. 1B) . 193
In areas with only minor or incomplete sand coverage, palaeodrainage systems can be 194 traced using multispectral image data ( Fig. 2A- 
C). Landsat 7 Enhanced Thematic 195
Mapper Plus (ETM+) data with a spatial resolution of 30 m (e.g. Goward et al., 2001) 196 were used to determine and map recent and palaeostream systems in addition to the 197 calculated drainage. True and false colour composites (FCC) were generated. In the 198 process, composites were created in such a way that the different Landsat bands were 199 assigned to the intensities of red, green and blue (RGB) components of a colour image. 200
A band combination of 7, 4, 2 (7 = Red, 4 = Green, 2 = Blue) were found to be most 201 suitable to detect palaeochannels within the mapping area (Fig. 2B, C) . 202 8 Digital elevation data and derived hillshade images were additionally used to retrace 203 drainage systems that could not be unequivocally determined by Landsat images, for 204 example if underlying palaeochannels led to a region of inverted topography (Fig. 2D) . 205
As a result, unambiguously identified stream systems were classified as 'mapped', 206 whereas incomplete or patchy channels with still recognizable flow directions were 207 classified as 'inferred' (Fig. 1B, 2C ). It has to be considered that the mapped 208 palaeodrainage system was inferred in a qualitative fashion and thus does not allow 209 any quantitative conclusions concerning contributing catchment areas or relative age 210
determinations. 211
Sedimentary characteristics were determined on six measured sections in the distal part 212 of Wadi ad Dawasir and two outcrops in the proximal part of Wadi Tathlith, which is 213 one of the major tributaries (Fig. 1B, 3 ). The sections in the distal reach were logged 214 using standard sediment techniques in hand-dug pits, in a trench bulldozed across a 215 palaeochannel at site 4213.3, and at an outcrop site 4214.3 shown in internal K-content of 12.5 ± 0.5 % has been used (Huntley and Baril, 1997) . 298
Considering that IRSL ages might be affected by signal instability (fading), these are 299 reported here only for completeness. While the pIR signal is expected to show less 300 fading, the use of relatively low stimulation temperatures, as done in this study to 301 minimize problems with regard to partial bleaching, may still show some instability. 302
However, we abstained from carrying out storage tests as the suitability of such 303 experiments to carry-out fading corrections is highly controversial (e. Wadi al Jadwal that drain the sedimentary cover. In this part of the catchment the As 334 Sahba fan acts as barrier forcing the channels of the Dawasir system to flow eastwards 335 (Fig. 1B, 3) . 336
The drainage system displays a trellis pattern in the upper catchment indicative of steep 337 slopes, and channel gradients range from 1.7 to 3.8 m km -1 . This changes downstream 338 to a parallel pattern on the plain, with the gradient of the trunk channel less than 0.7 m 339 km -1 (Fig. 1) . The width of the wadi narrows downstream from almost 30 km wide to 340 the west of As Sulayyil to about 1.5 km a few kilometres downstream of this village. 341
Further downstream the braided channel tapers out and is covered by dunes of the 342 Dahna desert (Fig. 2A) . With remote sensing techniques, however, the channel can be 343 followed across the Dahna and Rub' al-Khali. In addition to this calculated channel, 344 other river courses can be inferred from the flow direction in areas with intermittent 345 dune coverage. The pattern of these inferred channels indicates large-scale movement 346 of the river course across the fluvial plain due to avulsion. Downstream of the pour 347 point, the main channel runs east of a ridge of Tertiary rocks along the western margin 348 of Sabkha Matti (Fig. 1B) . It is incised into older gravel deposits that can be followed 349 along its course to the coastline (Bramkamp et al., 1961) to Early Pleistocene age according to Hötzl et al. (1978a) . Its distributaries entered the 366
Gulf to the east and west of the Qatar Peninsula (Fig. 3) . The apex of the fan is located 367 at the end of the incised channel at the edge of the Tertiary plateau from where the 368 confined flows expanded (Bramkamp and Ramirez, 1959) . The DEM of the fan shown 369 in Fig. 3 reveals the older distributary channels in inverted relief due to deflation of the 370 finer inter-channel deposits, and it also shows several channels that cross the coastal 371 plain to the coast. The large areal extent of the fan and the coarse clast size of the 372 conglomerates reveal a high erosion rate, high runoff and transport capacity during the 373 Pleistocene pluvial events. The present-day channel runs across the fan towards Al 374
Humr lake which, however, is fed by an artesian spring in the Tertiary rocks on its 375 eastern shore. 376 377
Field observations, fauna, facies analysis, and dating results 378
The study sites are located in the lower reaches of the Wadi ad Dawasir system and in 379 its far back hinterland in Wadi at Tathlith (Fig. 1B) . The measured and dated sections 380 from the unconfined floodplain of Wadi ad Dawasir (Fig. 6 ) are all situated in 381 interdunal areas where deflation has exposed a dense braided channel network with 382 main and auxiliary channels. These channels, which drained the floodplain visualized 383 by satellite imagery have a low sinuosity and a width up to 50 m (Fig. 7A ). As they 384 lack topographic expression, however, they can be identified in the field only by thin 385 veneers of pebbles mixed with coarse sand and aquatic fossils (Fig. 6) . The sub-angular 386 to sub-rounded clasts are mostly of igneous and metamorphic origin with abundant 387 14 quartzite and vein quartz of maximum sizes ranging from less than 1 cm up to 10 cm 388 (Fig. 7B) . The outcrop at site 4213.2 appears as a narrow light grey band stretching a 389 few tens of meters across the barren, tan sand-covered plain (Fig. 7C) . It is littered with 390
Melanoides tuberculata and Unio tigridis as well as Corbicula fluminalis and Radix 391 natalensis. Many of the specimens of U. tigridis are preserved with both valves, resting 392 in-situ embedded in the calcareous sand (Fig. 7B) . This indicates that the shells were 393 not transported by the river but remained in the original position after death. Rub' al-Khali deserts. In contrast, the basal sand unit of none of the other sections 408 mentioned above was bottomed. These sands lack facies with diagnostic sedimentary 409 structures other than faint lamination. According to OSL/pIR dating, the sands in 410 sections 4213 are of Holocene age (dated between 7900 ± 600 a and 3700 ± 300 a by 411 luminescence, with discrepancies compared to radiocarbon dated discussed below), 412 whereas 4214.1 and 4214.2 date to the early Late Pleistocene (pIR ages of 90 ± 6 ka 413 and 109 ± 11 ka, OSL ages being minimum estimates due to signal saturation). We 414 speculate that sands of Holocene age are fluvial and those of Pleistocene age are 415 aeolian deposits (Fig. 6) . This interpretation is supported by the channel geometry at 416 Pleistocene age (Whitney, 1983) , are exposed where the river has incised into the 451 lowest gravel terrace which is ca. 6 m above the wadi's floodplain. Two outcrop 452 sections were measured on the eastern bank of the wadi (Fig. 8) . Section 4216.2 453 consists of weakly cemented sandy polymict gravels showing poor sorting, 454 stratification and layers with imbricated angular to sub-rounded clasts up to 10 cm in 455 size ( Fig. 8; Whitney 1983 Fig. 14) . The pIR age of 29.8 ± 1.6 ka dates the section to 456 late MIS 3. About 2.5 km downstream, section 4216.1 was logged in the same terrace 457 but in sandy facies with rare gravel pockets. The sequence consists of three units 458 separated by dark palaeosols with iron stained grains (Figs. 7E, 8) . These must record 459 hiatuses in sedimentation, as palaeosol development requires landscape stability with 460 neither deposition nor erosion. The sample that was taken at the base of the middle unit 461 revealed an pIR age of 7100 ± 700 a. Due to ponding behind a constriction of the wadi 462 about 17 km upstream of site 4216.2, extensive fine-grained alluvium was deposited 463 ( 
Timing of fluvial activity 475
Considering the age of fluvial deposition, there is an obvious discrepancy between 476 radiocarbon (of shell material) and luminescence ages (Fig. 6, 9 ). For the four sites 477 where both methods have been applied, the radiocarbon ages are systematically older, 478 though these have been measured for shells collected above the horizons dated by 479 luminescence. All radiocarbon ages are between 7 and 9 ka, but the luminescence ages carbon taken up by the mussel should be composed of ~1/3 fossil and ~2/3 499 contemporary material, which appears quite high. Nevertheless, the samples under 500 consideration here are from the context of a river system that crosses through areas 501 with abundant limestone that will be dissolved in the water. Hence, the hardwater 502 effect should indeed be much higher than in samples from Mundafan, where non-503 carbonate bearing basement and volcanic rocks are outcropping. Interestingly, we 504 found almost identical ages for U. tigridis and M. tuberculata at several sites, which is 505 unexpected as their habitats and their diets are different and this should be reflected by 506 differences in the hardwater effect. 507
In summary, there is no unequivocal explanation for the observed offset between pIR 508 and OSL ages on the one hand, and radiocarbon ages on the other hand. Despite this, a 509 certain offset caused by hardwater uptake must be expected from the environmental 510 setting (creatures living in and feeding from resources associated to carbonate-rich 511 water). Hence, we are relying on the luminescence ages in the later chronological 512 interpretation. 513 18 514
Palaeoenvironmental inferences 515
The narrow width of the channels in the lower reach of the Wadi ad Dawasir system in 516 combination with a gravel lag consisting of well-rounded pebble-sized clasts indicate a 517 rather sluggish regime of the Holocene rivers. This is supported by the preservation of 518 U. tigridis with both valves intact. However, no conclusive inference is possible with 519 regards to channel depth as sequence thickness has been reduced by strong aeolian 520 deflation in this area. Inverted fluvial channels (Fig. 2D) reaching maturity. This demonstrates that habitats need to be stable for 30 years at least 546 to support a single generation of mussels. We frequently observed mussels of differing 547 sizes in our fossiliferous layers, which we interpret as several subsequent generations 548 of mussels, and thus as evidence of stable habitat conditions in the order of magnitude 549 of one to several centuries. A short-termed fluctuation in habitat conditions such as in 550 an ephemeral flow regime with subsequent re-settlement of a rich mussel fauna is very 551 unlikely. The remaining species can be considered more euryoecious, i.e. they are able 552 to survive in short-lived habitat and re-colonise it after desiccation given there are 553 surviving populations in the surroundings. Only M. tuberculata, which has a 554 parthenogenetic mode of reproduction, is able to colonise even small (and also 555 brackish) water bodies from a single specimen. 
